The genetic basis of heterosis of an elite rice hybrid was investigated by using an ''immortalized F 2'' population produced by randomly permutated intermating of 240 recombinant inbred lines from a cross between the parents of Shanyou 63, the most widely cultivated hybrid in China. Measurements of heterosis for crosses in the immortalized F 2 population were obtained from replicated field trials over 2 years by inter-planting the hybrids with the parental recombinant inbred lines. The analyses were conducted making use of a linkage map comprising 231 segregating molecular marker loci covering the entire rice genome. Heterotic effects were detected at 33 loci for the four traits with modified composite interval mapping. The heterotic loci showed little overlap with quantitative trait loci for trait performance, suggesting that heterosis and trait performance may be conditioned by different sets of loci. Large numbers of digenic interactions were resolved by using two-way ANOVA and confirmed by randomization tests. All kinds of genetic effects, including partial-, full-, and overdominance at single-locus level and all three forms of digenic interactions (additive by additive, additive by dominance, and dominance by dominance), contributed to heterosis in the immortalized F2 population, indicating that these genetic components were not mutually exclusive in the genetic basis of heterosis. Heterotic effects at the single-locus level, in combination with the marginal advantages of double heterozygotes caused by dominance by dominance interaction at the two-locus level could adequately explain the genetic basis of heterosis in Shanyou 63. These results may help reconcile the century-long debate concerning the genetic basis of heterosis.
The genetic basis of heterosis of an elite rice hybrid was investigated by using an ''immortalized F 2'' population produced by randomly permutated intermating of 240 recombinant inbred lines from a cross between the parents of Shanyou 63, the most widely cultivated hybrid in China. Measurements of heterosis for crosses in the immortalized F 2 population were obtained from replicated field trials over 2 years by inter-planting the hybrids with the parental recombinant inbred lines. The analyses were conducted making use of a linkage map comprising 231 segregating molecular marker loci covering the entire rice genome. Heterotic effects were detected at 33 loci for the four traits with modified composite interval mapping. The heterotic loci showed little overlap with quantitative trait loci for trait performance, suggesting that heterosis and trait performance may be conditioned by different sets of loci. Large numbers of digenic interactions were resolved by using two-way ANOVA and confirmed by randomization tests. All kinds of genetic effects, including partial-, full-, and overdominance at single-locus level and all three forms of digenic interactions (additive by additive, additive by dominance, and dominance by dominance), contributed to heterosis in the immortalized F2 population, indicating that these genetic components were not mutually exclusive in the genetic basis of heterosis. Heterotic effects at the single-locus level, in combination with the marginal advantages of double heterozygotes caused by dominance by dominance interaction at the two-locus level could adequately explain the genetic basis of heterosis in Shanyou 63. These results may help reconcile the century-long debate concerning the genetic basis of heterosis.
hybrid vigor ͉ ''immortalized F2'' population ͉ molecular marker ͉ heterotic loci ͉ epistasis U tilization of heterosis has become a major strategy for increasing productivity of plants and animals. For crop plants, hybrid varieties have contributed greatly worldwide to the production of many crop species, including the most important food crops such as maize and rice (1, 2) .
There has also been considerable interest in the genetic basis of heterosis. Two hypotheses, the dominance hypothesis (3) and the overdominance hypothesis (4, 5) , were proposed early last century to explain the genetic basis of heterosis. Although many investigators favored one hypothesis over the other (6) , data allowing for critical assessment of the hypotheses remained largely unavailable until very recently with the advent of molecular marker technology and high-density molecular linkage maps. Genetic analyses of heterosis based on molecular marker linkage maps have been reported recently in maize and rice. Stuber et al. (7) , who analyzed the genetic factors contributing to heterosis in a hybrid from two elite maize inbred lines, showed that heterozygotes of almost all quantitative trait loci (QTL) for yield had higher phenotypic values than the respective homozygotes. They suggested that both overdominance and QTL detected by single locus analysis play a significant role in heterosis. On the other hand, Xiao et al. (8) , who conducted a genetic study of quantitative traits in an intersubspecific cross of rice, suggested that dominance was the genetic basis of heterosis in rice. Both the dominance and overdominance hypotheses are based only on single locus theory.
Wright (9) visualized a ''net-like'' structure of population genotypes such that the variations of most characters are affected by many loci and that each gene replacement may have effects on many characters. Based on this perspective, epistasis should be one of the most important genetic components in the inheritance of quantitative characters. Epistasis was also speculated to contribute to the genetic basis of heterosis (6) . More recently, Yu et al. (10) analyzed the genetic components underlying yield and its component traits by using an F 2:3 population derived from a highly heterotic rice cross, and detected a large number of digenic interactions involving loci distributed throughout the entire rice genome. They suggested that epistasis plays an important role as the genetic basis of heterosis. Li et al. (11) and Luo et al. (12) also suggested that epistasis and overdominance are the primary genetic basis of inbreeding depression and heterosis.
It is critical to have the appropriate experimental design and materials for the genetic analysis of heterosis. It is well known that the F 2 generation provides theoretically the most complete and most informative population for many genetic analyses (13) . However, there are disadvantages associated with using the F 2 for genetic analysis of quantitative traits. For example, each genotype in an F 2 population is represented by only one individual, which makes it difficult to obtain replicated measurements of the same genotype. Also, the population is in a transient state, so the experiment cannot be repeated. Although genetic analyses using F 3 populations can produce useful information regarding the genetic components underlying heterosis (10, 14) , such analyses suffer from several shortcomings that are inherent with the data generated from the populations (15) . Populations derived by backcrossing recombinant inbred lines (RILs) with the parents have been used for genetic analyses of heterosis (7, 8, 11, 12) , as variants of the design III (16) . For QTL analyses, however, such populations are incomplete in terms of genotypic composition and thus not able to provide estimates for some of the genetic components at both single-and multilocus levels that are necessary for unraveling the genetic basis of heterosis.
Moreover, all previous molecular marker-based genetic analyses of heterosis, except one case using the backcross type of populations (11, 12) , were based on the performance measurement of the trait rather than heterosis, and the genetic basis of heterosis was inferred from genetic components estimated for the trait performance. Although heterosis and trait performance are closely related, they are nonetheless distinct in many respects both statistically and biologically. Thus, to have a real picture of the genetic components underlying heterosis, it is necessary to use the measurements of heterosis as the data input in the analyses.
Rice is the staple food for a large segment of the world population. The success of hybrid rice breeding (2), together with the relatively small genome size (17) , saturated molecular linkage maps (18, 19) , and rapid advances in genome sequencing (20, 21) , have provided a rare opportunity for dissecting the genetic basis of heterosis. In the study reported in this paper, we investigated the genetic components conditioning heterosis of yield and yield component traits in an elite rice hybrid, using an experimental design that produces an ''immortalized F 2 '' population based on a RIL population (22) . The main objective was to characterize the genetic components underlying heterosis in this hybrid, which may also have general implications in understanding the genetic basis of heterosis.
Materials and Methods
Design and Construction of the Immortalized F2 Population. A population of 240 F 9 RILs, derived by single seed descent from a cross between two elite indica lines, Zhenshan 97 and Minghui 63, was intermated following a design for constructing an immortalized F 2 population. These two lines were the parents of Shanyou 63, the most widely cultivated hybrid with a planting area of Ϸ6.7 million hectares per year during its peak period in the late 1980s and early 1990s, accounting for Ϸ25% of the rice production during that period in China.
In this design, crosses were made between the RILs chosen by random permutations of the 240 RILs. In each round of permutation, the 240 RILs were randomly divided into two groups, and the lines in the two groups were paired up at random to provide parents for 120 crosses. Each of the 240 RILs was used only once in each round of pairing and crossing. This procedure was repeated three times, resulting in a population consisting of 360 crosses. This population resembles an F 2 population in that the compositions and frequencies of single-and multilocus genotypes are similar to those of an F 2 population.
Because there is a wide range difference in heading dates between the lines that were assigned as the parents for crossing, all of the RILs were planted in the nursery at intervals of 7-10 days, and the seedlings were transplanted in pairs according to the mating design. The planting and crossing were carried out in the four consecutive growing seasons of the summer (Wuhan, China) and winter (Hainan, China) of 1997-1998. At least 200 hybrid seeds per cross were produced by hand emasculation and hand pollination.
Field Planting and Examination. Field tests of the immortalized F 2 population were conducted in the rice growing seasons of 1998 and 1999. Adequate seeds were obtained for 324 crosses for the 1998 test and 358 crosses for the 1999 test. The two parents, Zhenshan 97 and Minghui 63, and their F 1 hybrid, or Shanyou 63, were also included in the field test. The field planting followed a randomized complete block design with two replications. Each plot consisted of four rows with 10 hills each: two rows of the F 1 resulting from the crossing and one row for each of the respective parents. Seedlings Ϸ35 days old for all of the experimental materials were transplanted to a bird-net-equipped field, with a layout of 26.5 cm between plants within a row and 33.3 cm between the rows, on the experimental farm of Huazhong Agricultural University in Wuhan, China. The field management followed essentially the normal agricultural practice.
True hybrid plants were determined by careful comparison of morphological characters with the parents throughout the growing season. In case such field examination failed to distinguish between the hybrids and the parents, simple sequence repeat markers were used to determine the hybrid plants.
Each row was harvested individually at its maturity to prevent loss from over-ripening. Only the eight plants in the middle of each row were used for scoring. Traits examined included yield per plant measured as the weight of all filled grains of the plant, which was converted to metric tons per hectare, tillers per plant scored as the number of seed-setting tillers per plant, grains per panicle scored as the total number of filled grains per plant divided by the number of reproductive tillers, and grain weight as the weight (g) of 1,000 seeds.
Molecular Markers and Linkage
Maps. The molecular marker data for the RIL population were essentially as described (22) , except that additional simple sequence repeat markers were added in certain regions to reduce gaps. The genotype for each cross in the immortalized F 2 population was deduced on the basis of the RILs that were used as the parents for the cross. Molecular marker linkage maps were constructed by using MAPMAKER (23) .
Detection of Heterotic Loci (HL).
Two data sets were generated in this experiment. The first consisted of direct measurements of the traits that were referred to as performance, of which the analysis was reported previously (15) . As the second data set, mid-parent heterosis of each cross was calculated as H ϭ F 1 Ϫ (P 1 ϩ P 2 )͞2 (where H is the amount of heterosis, F 1 is the trait measurement of the hybrid, P 1 and P 2 are the measurements of the parents), and used as the input data for analyzing the genetic basis of heterosis. In detecting HL by using a single locus model, we assumed that the two homozygotes of each locus did not contribute to heterosis. A locus showing significant difference in heterosis between the heterozygote and the mean of the two homozygotes was considered to be a HL. This idea for detecting HL was incorporated in a composite interval mapping model:
where d is the difference in heterosis between the heterozygote and the mean of the two homozygotes, z is indicator variable taking values 1 and 0 for heterozygote and homozygotes respectively, the asterisk indicates the putative HL to be tested, the subscript i indicates the ith cofactor marker, and is residual. Cofactors were selected by stepwise regression. Thresholds for logarithms of odds were estimated by permutation tests (24) .
Detection of Digenic Interactions. The entire genome was searched for the effects of digenic interactions on heterosis for each trait with two-way ANOVA using all possible two-locus combinations of marker genotypes. The calculation was based on unweighted cell means (25) and the sums of squares were multiplied by the harmonic means of the cell sizes to form the test criteria. There would be Ͼ20,000 possible two-locus combinations for data of 231 marker loci, and for tests at P Յ 0.001, Ϸ0.1% of the F values were expected to exceed the threshold F 0.001 value by chance alone (false positive interaction). To further assess the likelihood for each of the significant interactions to be a chance event, a randomization test was conducted to identify the interactions that are more likely to be ''really significant'' than others. In conducting such a test, the entry order of heterosis data in the analysis was randomly permutated and the F statistic for the digenic interaction was recalculated by using the same two-locus marker data. This procedure was repeated 1,000 times, and the resulting 1,000 F values were compared with the F from the real data. If no more than one F value from the random permutations was larger than the F from the real data, the digenic interaction was regarded as significant at P Յ 0.001.
Each of the significant digenic interactions was further partitioned into four terms each specified by a single degree of freedom: additive (first locus) ϫ additive (second locus) (AA), additive ϫ dominance (AD), dominance ϫ additive (DA) and dominance ϫ dominance (DD). Statistical significance for each of the terms was assessed by using an orthogonal contrast test provided by the statistical package STATISTICA (26) .
Results

The Amounts of Heterosis for Yield and Yield Component Traits.
The values of midparent heterosis for yield and yield component traits of the immortalized F 2 population are given in Table 1 . For the hybrid Shanyou 63, yield showed the largest amount of heterosis in both years. Among the component traits, grains per panicle exhibited the highest heterosis followed by tillers per plant, and grain weight expressed the lowest heterosis. The amounts of heterosis varied widely for all of the traits in the immortalized F 2 population, from highly negative to highly positive. Again, yield showed the highest heterosis on the average in both years. Among the component traits, however, tillers per plant showed the highest heterosis followed by grains per panicle.
Molecular Marker Linkage Maps. Molecular marker linkage maps consisting of 231 polymorphic loci were constructed for both the RIL and immortalized F 2 populations. The map constructed for the immortalized F 2 population, using the deduced marker genotypes based on RILs, spanned a total of 2,646.1 centimorgans (cM), which was longer than the map of 2,007.3 cM based on the RIL population (not shown). This is understandable because the map construction using RILs took into consideration of the multiple crossovers in RILs, whereas the software for map construction of the immortalized F 2 did not consider multiple crossovers. We thus used the map based on the RIL data for further analyses.
HL for Yield and Yield Component Traits. Two thousand random permutations for each of the four traits revealed that, with an experiment-wise error rate 0.10, the threshold for logarithm of odd ranged between 2.4 and 2.5 for the four traits in both years. We thus used 2.4 as the threshold for claiming HL, which identified a total of 33 HL in the 2 years for heterosis of the four traits (Table 2 ). Only two of the HL were detected in both years, and the remaining 31 HL were detected only in one year.
For yield, four and five HL were detected in 1998 and 1999, respectively. Two HL, hyd9a and hyd12, located on chromosomes 9 and 12, respectively, showed negative effects such that heterozygotes had lower heterosis values than the means of the two homozygotes. The other seven HL showed positive effects; the heterozygotes had higher heterosis values than the respective means of two homozygotes.
For tillers per plant, four and two HL were resolved in 1998 and 1999, respectively. However, positive heterotic effects were detected at three HL, whereas negative heterotic effects were detected at the other three HL.
Five and four HL were detected for grains per panicle in 1998 and 1999, respectively. One of the HL detected in 1998 and another detected in 1999 showed negative effects.
The largest number of HL was resolved for grain weight, though the smallest amount of heterosis was observed for this trait. Seven and five HL were detected in 1998 and 1999, respectively. Interestingly two HL that showed negative heterotic effects were consistently detected in both years.
We compared the HL with the QTL that were resolved in the trait analysis of the same immortalized F 2 population (15). Ten of the 33 HL were also detected in the QTL analysis by the composite interval mapping with about the same level of threshold ( Table 2 ).
The Amounts of Dominance at the HL. To further characterize the genetic effects of the loci showing significant heterotic effects, we calculated the additive and dominance effects by using the performance data at the exact genomic locations of the HL (Table 2) by using composite interval mapping (27) , even though QTL were not detected at most of the HL (15) . Theoretically, a ratio of estimated dominance to the absolute value of additive effect (d͞a) larger than unity is regarded as exhibiting overdominance, and a ratio between 0 and 1 represents partial dominance. The d͞a at each of the HL is listed in Table 2 , from which it can be seen that degrees of dominance at the HL varied from partial dominance, full dominance, to overdominance, with a number of the HL showing large overdominance.
Digenic Interactions Across the Entire Genome. Numbers of two-locus combinations that showed significant interactions as detected by Table 1 for the abbreviations of the traits. † LOD, logarithm of odds. ‡ Heterotic effect of the HL defined as the difference in heterosis between the heterozygote and the means of the two homozygotes. § Additive and dominance effects calculated using the performance data at the exact genomic location of the HL. ¶ Ratio of dominance to the absolute value of additive effect. ʈ QTL were detected at these loci in trait analysis (15) .
using two-way ANOVA at P Յ 0.001 are listed in Table 3 . Only two-locus data sets with all of the marker genotypic classes containing 5 or more crosses in the immortalized F 2 population were included in the calculation, resulting in 23,791 tests for 1998 and 24,259 tests for 1999. At a false-positive rate of 0.001 for individual tests, the expected numbers of interactions due to chance would be Ϸ24 in each year. Although the numbers of significant interactions detected were much larger than this, it is noted that some of the significant interactions declared at P Յ 0.001 by the whole genome search may be false positives.
To further assess the likelihood of the interactions identified above as chance events, each of the declared significant interactions was subjected to randomization test as described in Materials and Methods. The numbers of significant interactions so identified are also listed in Table 3 , from which it can be seen that the numbers of significant interactions reduced by the randomization tests were much larger than the numbers of spurious interactions expected by chance events, indicating that the randomization test was highly stringent in identifying the digenic interactions.
A number of interactions simultaneously survived the randomization tests in both years for each of the traits (Table 3) , and a larger number of significant interactions were detected in 1999 than 1998. The results of the two years are consistent in that the largest number of significant interactions was detected for grain weight followed by tillers per plant, with the smallest numbers of interactions detected for yield.
The numbers of three different types of interaction terms (AA, AD͞DA, and DD) partitioned by using the orthogonal contrast tests for the two-locus combinations that were confirmed by the randomization tests are given in Table 4 . In all four traits, AA occurred at predominantly high frequencies, followed by AD͞DA, with DD being the least frequent.
Effects of Interactions.
According to the coefficients used in the orthogonal contrasts (28) , the test for an AA in reality provides a comparison for the four homozygotes of the two loci involved. The test for an AD compares the relative performance of the hetero- Yield  74  95  6  38  61  6  Tiller͞plant  95  109  2  60  65  2  Grains͞panicle  77  94  6  43  64  5  Grain weight  104  149  3  69  89  3 *Significant at P Յ 0.001 identified by the whole genome search. † Interactions that were identified by the randomization test in one year and significant at P Յ 0.001 identified by the whole genome search in the other year are also listed. (1) C87 (12) 4.00 22͞22 0.55 1.10 RM243 (1) R496 (12) 6.19 11͞11 1.28 0.00 RM243 (1) C909B (12) 7.00 11͞11 1.02 0.00 RG173 (1) RZ471 (7) 4.04 22͞11 17.71 ¶ 15.83 ¶ C112 (1) C153B (9) 3.51 22͞22 0.22 0.45 C112 (1) Y2668LA (11) The digenic interactions are identified by randomization tests and the cut-off for AA is at P Յ 0.01. *The numbers in parentheses indicate the chromosomal locations of the markers. † Genotype of the first locus͞genotype of the second locus: 11, homozygous for the Minghui 63 allele; 22, homozygous for Zhenshan 97 allele. ‡ Advantage of the best homozygote over the mean of the two parental genotypes. § Advantage of the best homozygote over the Minghui 63 genotype. ¶ Significantly different from zero at P ϭ 0.001. ʈ DD was also detected for this two-locus pair. **Significant different from zero at P ϭ 0.05.
† † Significantly different from zero at P ϭ 0.01.
zygote against the two homozygotes at one locus under the backgrounds of the two homozygotes of the other locus, or vice versa. The test for a DD provides a measurement for the performance of the heterozygote relative to the two homozygotes at one locus against the performance of the heterozygote relative to the two homozygotes at the other locus.
To illustrate the effects of digenic interactions on heterosis, we listed in Table 5 the comparative advantages for the best homozygotes of the two locus-pairs showing significant AA, and in Table  6 we listed advantages of the double heterozygotes for two-locus pairs showing significant DD for grains per panicle detected in 1998. Several points can be made from these tables.
In two-locus combinations showing significant AA, the parental two-locus homozygotes (11͞11 or 22͞22) in many cases showed marginal advantages, as compared with the means of the two parental genotypes (11͞11 and 22͞22) ( Table 5 ). However, the complementary two-locus homozygotes (11͞22 or 22͞11) frequently appeared to be the best genotypes by showing large deviations from the means of the two parental genotypes as well as the Minghui 63 genotypes (Table 5 ). In two-locus combinations showing significant DD, all of the double heterozygotes (12͞12) appeared to be advantageous compared with the means of the two parental genotypes (Table 6 ). However, the best two-locus genotypes were frequently those that were homozygous at one locus and heterozygous at the other locus (11͞12, 12͞11, 22͞12 or 12͞22), or single heterozygotes.
We also examined the heterotic values of two-locus combinations showing AD͞DA interactions (data not shown). The general trend is similar. Namely, the parental two-locus homozygotes (11͞11 or 22͞22) had marginal advantages in some cases; the complementary two-locus homozygotes (11͞22 or 22͞11) frequently showed large effects on heterosis; single heterozygotes (11͞12, 12͞11, 22͞12, and 12͞22) can also be the best two-locus genotypes in a few cases. It should be noted that in no case did the double heterozygote show the highest level of heterosis. This study demonstrated the use of the immortalized F 2 population in genetic analyses of heterosis. For study of heterosis, such a population possesses several distinct advantages. First, the genotypes and their proportions in this population are similar to those of an F 2 population (i.e., 1:2:1 for single locus genotypes, 1:2:1:2:4:2:1:2:1 for two locus combinations, etc.). Thus such a population is clearly as informative as an F 2 population. However, instead of only one individual per genotype represented in an F 2 population, each genotype in this population is represented by as many plants as one wishes, thus permitting replicated trials in multiple environments. The whole population can be recreated when needed, either in exactly the same way, or by different permutation schemes. Second, plants used for measuring heterosis are hybrids rather than progenies of self-fertilization. This may provide particular value for heterosis analyses, if epigenetic changes are involved in heterosis or inbreeding depression. Third, molecular marker data need be collected from only the 240 RILs no matter how many crosses are included in the population. Most importantly, as demonstrated in the present study, it provides opportunities for mapping and genetic analysis of heterosis per se, rather than analyses based on performance measurements of the trait.
Detection of HL. Detection of HL by using the heterosis measurements enabled by the immortalized F 2 population represents another novel feature of the study. The detection by the modified composite interval mapping not only nullified the noise effected by the homozygotes of each locus, but also enabled the determination of the precise locations of the HL. Such analysis effectively separated the single-locus effects that cause heterosis from the QTL conditioning the trait performance as analyzed in all reported QTL studies. Making use of the immortalized F 2 population, we detected and mapped a total of 33 HL on 11 of the 12 rice chromosomes for yield and three other traits that are components of yield. An important feature revealed in the analysis is the high degree of overdominance in many HL when calculated by using the performance data, although many of the overdominance effects could not be detected by QTL analysis with the given threshold. Thus, the results imply that many of the HL identified in this analysis represent overdominance effects when the heterotic effects are interpreted in terms of single-locus genetic effects.
The fact that only 10 of the 33 HL identified in this analysis were detected by QTL analysis using the data of the same population collected from the same experiment that identified a total of 40 putative QTL for the four traits seems to indicate that trait performance and heterosis are conditioned by different sets of loci. Such results also demonstrated the unique usefulness of the data from heterosis measurements for the detection of HL, as well as for the characterization of the genetic basis of heterosis.
It seems surprising that only two of the 33 HL were simultaneously detected in both years. The main reason for this small number is that the heterotic effect defined in the analysis was a derived statistic that was converted twice in our analysis, first as the difference between the hybrid and the mean of the parental lines, and second as the difference between the heterozygote and the mean of the homozygotes of the locus. Thus, each measurement depends on many other genotypes, which made the heterosis For illustration, the digenic interactions are declared at P Յ 0.001 level by the whole genome search strategy and the cut-off for DD is at P Յ 0.01. *The numbers in parentheses indicate the chromosomal locations of the markers.
† Genotype of the first locus͞second locus; 11, homozygous for the Minghui 63 allele; 22, homozygous for Zhenshan 97 allele; 12, heterozygote. ‡ Mean of the two parental genotypes. § Significantly different from zero at P ϭ 0.01. ¶ Significantly diferent from zero at P ϭ 0.05. ʈ AA was also detected for this two-locus pair. **Significantly different from zero at P ϭ 0.001.
measurements as well as the HL highly sensitive to environmental influence.
The Genetic Basis of Heterosis. The analyses clearly demonstrated that the experimental design and analytical methods could resolve all of the genetic elements that are possible in any of the hypotheses concerning the genetic basis of heterosis. The challenge now is how to put the pieces together to frame a picture for comprehending the genetic basis of heterosis. For such a purpose, it is necessary to make a clear distinction between the heterosis observed in the immortalized F 2 population, and the heterosis expressed in the F 1 hybrid that we intended to elucidate in this study.
Because of the complexity of yield as a trait, which makes it difficult to follow the effects of genetic components resolved for this trait, we chose grains per panicle as the trait for detailed analysis, as this trait is less complex and the results may intuitively be more comprehensible. Other advantages of using this trait include the high level of heterosis and also high heritability that have been repeatedly observed in previous studies (10, 15, 29, 30) .
The analyses of the immortalized F 2 population showed that all kinds of genetic effects, including heterotic effects (because of partial-, full-, and overdominance) at single locus level, and all three types of interactions (AA, AD͞DA, and DD) at the two-locus level, were involved in the genetic basis of heterosis. The AA effects may partly be ascribed to the residual effects of the performance of the traits that were not completely removed by subtracting the midparent values from the F 1 s in the immortalized F 2 population, as some of them were also detected in the trait analyses (15) . However, the results clearly suggest that, at the population level, all kinds of genetic effects can be contributors to the genetic basis of heterosis. Thus, the effects of dominance, overdominance, and epistasis of various forms, are not mutually exclusive in the genetic basis of heterosis, as opposed to what was previously debated in favor of the different hypotheses (31) ; all of these components have a role to play depending on the genetic architecture of the population.
For the hybrid Shanyou 63, however, only genetic components associated with heterozygotes are relevant, given the conditions that all of the analyses were based on the loci that were polymorphic between the two parents, Minghui 63 and Zhenshan 97. Hence, only single-locus heterotic effects (caused by partial-, full-, and overdominance) and DD interactions were pertinent to the interpretation of heterosis in Shanyou 63. Assuming complete independence of the single-locus heterotic effects and digenic interactions involving DD detected in the analyses, which might be violated because of linkage, the genetic basis of heterosis for grains per panicle in the F 1 hybrid may tentatively be sketched as the following. Summing up the heterotic effects over the HL, as can be seen from Table 2 , would produce a total of 20.19 grains per panicle; summation of the deviations of double heterozygotes from the means of the two parental genotypes over the two-locus combinations showing DD yielded a total of 34.73 grains per panicle (Table 6) . Thus, together, the effects detected at the single-locus and two-locus levels could account for 54.92 (86%) of the 63.60 seeds that was measured as the amount of heterosis in the F 1 (Table 1 ). This seems to be an excellent approximation considering that the analysis failed to reveal many of the single-locus heterotic effects and DD because of the statistical thresholds imposed, and that the heritability for this trait, although high, is far from unity. A similar trend was also present for this trait in 1999. These results strongly suggest that heterotic effects (caused by partial-, full-, and overdominance) at the single-locus level, in combination with advantageous effects of double heterozygotes (caused by DD) at two-locus level, can adequately account for the genetic basis of heterosis in Shanyou 63, the most widely cultivated hybrid rice in China.
In summary, it is concluded that all kinds of genetic effects, including single-locus heterotic effects (caused by partial-, full-, and overdominance) and all three forms of digenic interactions (AA, AD͞DA, and DD), contributed to heterosis in the immortalized F 2 population. Heterotic effects at the single-locus level, in combination with the advantageous effects of double heterozygotes caused by DD, can adequately explain the genetic basis of heterosis in Shanyou 63. These results may also help reconcile the century-long debate concerning the roles of dominance, overdominance, and epistasis in the genetic basis of heterosis (3-5, 7, 8, 10-12) .
